Two-dimensional (2D) lattices composed exclusively of pentagons represent an exceptional structure of materials correlated to the famous pentagonal tiling problem in mathematics, but their π-conjugation and the related electronic properties have never been reported. Here, we propose a tight-binding (TB) model for a 2D Cairo pentagonal lattice and demonstrate that p-d π-conjugation in the unique framework leads to intriguing properties, such as an intrinsic direct band gap, ultra-high carrier mobility and even slant Dirac cones. On the basis of first-principles calculations, we predict a candidate material, 2D penta-NiP 2 monolayer, derivated from bulk NiP 2 crystal, to realize the predictions of the TB model. It has ultra-high carrier mobility (~10 5 -10 6 cm 2 V -1 s -1 ) comparable to that of graphene and an intrinsic direct band gap of 0.818 eV, which are long desired for high-speed electronic devices. The stability and possible synthetic routes of penta-NiP 2 monolayer are also discussed.
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I. INTRODUCTION
The π-conjugation of p z orbitals in graphene, a two-dimensional (2D) honeycomb (hexagon) lattice, leads to the unique linear energy-momentum dispersion relation (Dirac cone) [1,2] and extremely high carrier mobility that can attain 10 5 -10 7 cm 2 V -1 s -1 [3] [4] [5] . However, pristine graphene does not possess a band gap, a property that is crucial for application in logic transistors to attain a large on/off ratio. An opportune band gap and ultra-high carrier mobility are thus highly desirable for the relevant applications.
Due to the restriction of translation symmetry, fivefold-rotation symmetry is prohibited in lattice structures, which excludes regular pentagon from the units of 2D lattices. Nevertheless, there exist convex pentagons that can tile the Euclid plane monohedrally (i.e. with one type of tile), known as the famous pentagonal tiling problem in mathematics. Fifteen types of such convex pentagons have been found up to now [6] , offering mathematical basis of 2D pentagonal materials. Notably, isohedral pentagonal Cairo with edge-to-edge features represents a high symmetry case of the 15 monohedral tilings above, which are promising for design of 2D pentagonal materials. Indeed, pentagonal graphene (namely penta-graphene) derivated from the Cairo tiling has been proposed theoretically [7] . The sp 3 -hybridized carbon atoms in the buckled penta-graphene break the π-conjugation of the p z orbitals of sp 2 carbon atoms, resulting in an indirect band gap of 3.25 eV [7] , which is inactive for optoelectronic applications. Following penta-graphene, a series of pentagonal 2D materials with similar lattice structures were proposed theoretically [8] [9] [10] [11] [12] [13] [14] . However, neither π-conjugation features nor direct band gap is found in these 2D penta-materials and none of them has been synthesized in experiments. As the first real 2D penta-material, PdSe 2 few-layers with puckered morphology was recently realized by exfoliating bulk crystal [15] [17] .
The stability and plausibility of penta-NiP 2 monolayer are confirmed by the energetic favorability, phonon spectrum, molecular dynamics simulations, and etc. The π-conjugated Cairo pentagonal lattice with diverse electronic band structures demonstrated by both TB model and DFT calculations enriches the family of 2D pentagonal materials and may find applications in high-speed electronic devices.
II. METHODS
Our first-principles calculations were performed within density-functional theory (DFT) by using the Vienna ab initio simulation package (VASP) [18] [19] [20] . The energy cutoff of the planewave basis set [21] was 600 eV. The electron-ion interaction was described by a projector augmented wave (PAW) approach [22, 23] . A generalized gradient approximation (GGA) [24] in the form of Perdew-Burke-Ernzerhof (PBE) was employed for the structural optimization. Van der Waals interactions were considered using the zero damping DFT-D3 method [25] for pentaNiP 2 bilayer and bulk crystal. For penta-NiP 2 monolayer, the unit cell was repeated periodically along the x-and y-directions, while a large vacuum space of 30 Å was applied along the zdirection to avoid interaction between adjacent images. The Brillouin zone (BZ) was sampled by using 7×7×1 k-point mesh in structural optimization according to the Monkhorst-Pack (MP) method [26] . All the atoms were fully relaxed without any symmetry restriction until the residual forces on each atom are smaller than 10 -3 eV/Å. The criterion for energy convergence is 10
eV/cell. To avoid the self-interaction errors of the PBE functional, a hybrid functional in the form of Heyd-Scuseria-Ernzerhof (HSE06) [27] was also employed in calculations of electronic band structures and carrier mobility. The spin-orbit coupling (SOC) effect was not taken into account. The phonon spectrum was calculated by using the Phonopy code [28] interfaced with VASP. The ab initio molecular dynamics simulations (AIMDS) were performed in an NVT ensemble at temperature of 500K with a time step of 0.5 fs.
The carrier mobility of penta-NiP 2 monolayer was calculated using an acoustic phonon-limited scattering model. In this model, the optical phonon scattering mechanism which may have comparable effect on mobility as the acoustic ones [29] was not taken into account. For a 2D material, the carrier mobility μ 2D is determined by the effective mass in the transport direction ( ), average effective mass ( ), deformation potential (E 1 ), elastic modulus (C 2D ) and temperature (T) in the expression [30] [31] [32] , where E is the total energy and S 0 is the lattice volume at equilibrium for a 2D system. The temperature used for the mobility calculations was 300 K. Notably, the C 4 symmetry of penta-NiP 2 monolayer leads to isotropic elastic constants, effective masses and carrier mobility along two perpendicular orientations. This differs from the cases of anisotropic 2D materials like black phosphorene, where the carrier mobility will be largely overestimated without anisotropic effect correction [32] . In this work, we evaluated the carrier mobilities along Setting a 0 = 1, ( t 1 =-γt 0 and t 2 =-γ't 0 , the TB Hamiltonian of the Cairo pentagon tiling can be written as:
where , ,
) . We give only half of the matrix for By diagonalizing the TB Hamiltonian, we obtained eight bands in the reciprocal space which are highly dependent on the hopping parameters (t 0 , γ and γ') and onsite energy (ε), as shown in Fig. 1(c) -(e). The TB Hamiltonian of the pentagonal lattice gives an intrinsic band gap (E g ) at the K π a, π a point the corner of the square BZ between band 6 and band 7 with
It is interesting to see that the band gap value is independent of the angle θ and γ'. The profile of the band lines is also independent of the angle θ, because variation of θ doesn't change the symmetry of the lattice. The band gap diagram in the parameter space ε/t 0 , γ) is plotted in Fig.   1 (b). The two phases, semiconductor and semimetal, are separated by the yellow line which satisfies ε = (γ -2/γ)t 0 . As ε < (γ -2/γ)t 0 , g > suggests a semiconducting solution, as shown in 
Electronic band structure of penta-NiP 2 monolayer.
To realize the electronic band structures predicted by the TB model, we propose a D material with a Cairo pentagonal lattice, namely penta-NiP 2 monolayer. It is built by placing Ni atoms on the fourfold-coordinated sites and P atoms on the threefold-coordinated sites, as shown in Fig.   2(a) . After structural optimization, penta-NiP 2 monolayer exhibits planar configuration with a space group of P4g. In contrast to the 2D pentagonal materials proposed in the previous works [8] [9] [10] [11] [12] [13] [14] [15] , it shows a perfect Cairo pentagonal titling pattern without any buckling. We attribute it to the Ni(II) ions with d 8 electron configuration which prefer square planar molecular geometries.
For penta-NiP 2 monolayer, θ is determined to be about 20 and the i-P and P-P bonds (the two types of sides of the pentagon) have the lengths of 2.167 Å and 2.091 Å, respectively. The bond lengths are very close to those of monoclinic NiP 2 crystal (2.196 Å and 2.225 Å). The structure parameters and comparison with the bulk crystals [33] [34] [35] are listed in Table I . The stability and plausibility of penta-NiP 2 monolayer will be discussed in the last section.
We then explored the electronic properties of penta-NiP 2 monolayer from DFT calculations.
The electronic band structures calculated by using PBE and HSE06 functionals are plotted in smaller than that of silicon (1.1-1.4 eV) [36] and black phosphorene (1.5 eV) [37] and is thus promising for long wavelength optoelectronic applications. For the AA-stacked penta-NiP 2 bilayer, band gap reduces to 0.635 eV due to the interlayer interaction, but the direct band gap remains intact, as shown in Fig. 2(d) . The robust direct band gap in penta-NiP 2 bilayer is superior to that in Tl 2 O bilayer, where the interlayer interaction takes it to an indirect band gap semiconductor [38] . The direct band gap of penta-NiP 2 monolayer is also preserved under uniform tensile strain, as shown in Fig. 2(e) . With the increase of tensile strain, the band gap increases gradually, as shown in Fig. 2(f) . At a tensile strain of 11%, the band gap attains 1.202 eV, which is about 1.5 times larger than that of the equilibrium state. The robust direct band gap of penta-NiP 2 confirms that it is the intrinsic feature of the lattice protected by the lattice symmetry. The strain-modulated energy band gap is promising for mechanical-electronic devices.
The origins of the dispersive bands near the Fermi level can be revealed by the orbitalresolved electron density of states. We projected the electron density of states (PDOS) onto the atomic orbitals of Ni and P atoms, as shown in Fig, 3 The carrier mobilities and the relevant parameters obtained by using PBE and HSE06 functionals are listed in Table II . PBE functional predicts ultra-high hole mobility of about 1×10 6 cm 2 V -1 s -1 along the [100] direction, even higher than the theoretical value of graphene (3×10 5 cm 2 V -1 s -1 ) evaluated using the same theoretical strategy [17] . The electron mobility is also as high as 2×10 We compared the carrier mobilities of penta-NiP 2 monolayer with those of other 2D materials which have been proposed to have high carrier mobility [16, 38, [41] [42] [43] [44] , as shown in Fig. 5 . The carrier mobilities of these materials were calculated using the same method, i.e. acoustic phononlimited scattering model in combination with HSE06 functional, to guarantee direct comparison.
To strength the comparison, the carrier mobilities obtained by using PBE functional were also presented in Fig. S2 of the Supplementary Information. Clearly, penta-NiP 2 monolayer has the highest carrier mobility among these 2D materials. The ultrahigh carrier mobility of penta-NiP 2 monolayer that stems from the p-d π-conjuration is quite promising for high-speed electronic devices such as field-effect transistors (FET).
Stability of penta-NiP 2 monolayer.
NiP 2 crystals have two stable phases, mono-clinic (C12/c1) [33, 34] and cubic (Pa-3) [35] structures, as shown in Fig. 6(a) and Fig. S3 , which have been synthesized in different conditions.
The optimized lattice parameters in this work agree well with the experimental data, as listed in Table I , validating the employed theoretical strategy. These two phases are almost energetically degenerate with the cubic structure slightly more stable than the monoclinic structure by about 18.6 meV/atom. In monoclinic NiP 2 crystal, we noticed the buckled pentagonal lattice features of the 1 1 ̅ planes which are connected by P-P bonds, as shown in Fig. 6 (a) and 6(b). A pentaNiP 2 monolayer can be obtained by breaking these P-P bonds. In experiments, this may be achieved by growing a NiP 2 monolayer on suitable substrate materials, in analogous to the relation between silicene and bulk silicon crystal [45, 46] . monolayer. The parameters d Ni-P , and d P-P are respectively the lengths of the Ni-P and P-P bonds. The unit of lengths is in angstroms (Å) and that of energies is in eV/atom. [35] . 66 . 9 .
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√ supercell was employed with a force convergence criteria of 0.001 eV/Å. The phonon spectrum is free from imaginary frequency modes even in the long-wavelength region, as shown in Fig. 6(c) , confirming the dynamic stability. We also preformed ab initio molecular dynamics simulations (AIMDS) at temperature of 500K for 5 ps to examine its thermal stability, as shown in Fig. 6(d) . The total energy of the system converged to a stable value without any tendency of structural decomposition in this time scale. This suggests that penta-NiP 2 monolayer can stably exist at or below this temperature once synthesized. The elastic constants of penta-NiP 2 monolayer determined from the strain energy in response to in-plane lattice distortion [7, 47] are listed in Table III . Clearly, the mechanical stability criterion for a 2D material,
and 66 > , are satisfied. The Young modulus along the x-and y-directions is about 1/3 of that of graphene (335 GPa•nm) [48] and comparable to that of MoS 2 (123 GPa•nm) [49] . A positive Possion's ratio is obtained for the planar configuration. 
